Labeling proteins with high specificity and efficiency is a fundamental prerequisite for microscopic visualization of subcellular protein structures and interactions. While the comparatively small size of epitope tags makes them less perturbative to fusion proteins, they require the use of large antibodies that often limit probe accessibility and effective resolution. Here we use the covalent SpyTag-SpyCatcher system as an epitope-like tag for fluorescent labeling of intracellular proteins in fixed cells for both conventional and super-resolution microscopy. We have also applied this method to endogenous proteins via gene editing, demonstrating its high labeling efficiency and capability for isoform-specific labeling.
Epitope tags, short peptides that can be recognized by antibodies, are widely used in fluorescent labeling of fixed-cell proteins for microscopy analysis, especially in the numerous cases where high-quality antibodies directly against the target protein are unavailable. Because of the small size of epitope tags, their use in labeling proteins is less likely to perturb fusion protein function or structural organization compared to using fluorescent proteins or enzymatic tags such as SNAPtag [1] and Halo-tag [2] . With recent advancements in gene editing technologies, this small size also facilitates systematic labeling of endogenous genes [3] . However, despite the fact that epitope tags are themselves small, their corresponding antibodies are relatively large. As a result, the staining efficiency is sometimes low due to limited accessibility in tight protein complexes [4] . Additionally, when labeling cellular proteins for super-resolution microscopy, which has been demonstrated to be a powerful approach for dissecting the molecular organization of protein complexes [5] , the size of the antibody is a major concern because it is comparable to the spatial resolution [6] . Although nanobodies (about 1/12 the size of a full antibody) against larger tags such as GFP has been proven to be an effective approach to reduce the probe size [7] , it is inherently difficult to generate high affinity nanobodies for unstructured peptides. Therefore, an epitope tag with a small, tight binder is highly desirable.
The SpyCatcher-SpyTag system presents a potential solution to many of these challenges. It was engineered by splitting the fibronectin-binding protein (FbaB) of Streptococcus pyogenes [8] .
The SpyTag is a 13 amino acid (a.a.) peptide whose aspartic acid forms a covalent isopeptide bond with a lysine on the 133 a.a. SpyCatcher ( Figure 1A) . This system has been used in live cells and purified systems to bring proteins together [9] . Taking advantage of this tight covalent interaction and the much smaller size of SpyTag compared to antibodies, here we present a method for protein labeling in fixed and permeabilized cells: tagging either over-expressed or endogenous target proteins with SpyTag and then staining with dye-labeled SpyCatcher for fluorescence microscopy, including super-resolution microscopy. Previously, SpyCatcher and SpyTag have only been used to label extracellular protein loops in live cells [10] . To examine whether SpyCatcher can function intracellularly in fixed and permeabilized cells, in a manner similar to classic antibody staining of epitope tags, we over- expressed SpyTag-actin fusion protein in human retinal pigment epithelial cell line RPE-1 and SpyTag-keratin fusion protein in HeLa cells. Meanwhile, to label the cysteine-free SpyCatcher with a fluorescent dye, we mutated serine-35 to cysteine, purified this recombinant protein and labeled it with Alexa Fluor 647 maleimide ( Figure 1A ). This labeling scheme ensures a 1:1 dyeto-protein ratio, which benefits super-resolution microscopy using Stochastic Optical Reconstruction Microscopy (STORM) imaging by avoiding the adverse effects of dye-dye interference from over-labeled far-red cyanine dyes [6] .
After fixing the cells by 2% paraformaldehyde, blocking by bovine serum albumin, and permeabilizing with NP40, over-night staining of SpyCatcher-A647 gave high signal in wide-field fluorescence images of actin and keratin cytoskeletal filaments ( Figure 1B ). In contrast, negative control cells without transfection displayed negligible background staining. The samples were then imaged with STORM, which clearly resolves actin and keratin fibers that are overlapped in conventional wide-field fluorescence images ( Figure 1C ). These results show that the SpyCatcher can specifically and efficiently label intracellular SpyTag after fixation.
To demonstrate that the SpyCatcher-SpyTag system has sufficient efficiency to detect proteins expressed at endogenous levels, we took advantage of our previously described method for systematic knock-in of short DNA inserts into endogenous genes [3] . Briefly, we employ CRISPR-Cas9 mediated homology-directed repair to introduce a short synthetic single-stranded DNA oligo into a host cell genome. We tested three target genes: Sec61B, Rab11 and clathrin light chain A (CLTA) ( Figure 2A ). In all three cases, we were able to obtain high quality wide-field fluorescence images of the endogenous proteins. In particular, the case of Rab11, which does not have highly effective antibodies for immunofluorescence staining, demonstrates the usefulness of our method to label endogenous proteins. Figure 2C ). Consequently, the structural details of clathrin clusters became more difficult to discern. We note that clathrin light chain has two isoforms, CLTA and CLTB, which have mostly interchangeable functionalities [11] . Our labeling of CLTA but not CLTB likely accounted for the sparser labeling of clathrin within a pit by SpyCatcher, compared to previous immunofluorescence images using anti-clathrin light chain antibodies [6] . This difference actually demonstrates the advantage of our approach in distinguishing isoforms, which many commercial antibodies are not capable of.
Altogether, we have demonstrated an efficient and highly specific endogenous protein labeling technique. The use of SpyTag as an epitope for labeling allows for protein visualization with the combined benefits of specificity, covalent bonds, small size, universality and organic dye brightness. We demonstrate its potential for labeling both over-expressed and endogenous proteins, highlighting its potential for targets that lack good antibodies or are subjected to overexpression artifacts. Due to the strength of the covalent bond formed, SpyCatcher would be particularly useful in protocols requiring extensive harsh washes such as fluorescence in situ hybridization (FISH). Finally, an orthogonal and related covalent-split-protein system was recently developed: SnoopCatcher and SnoopTag [12] . Unfortunately though, fixation seems to inhibit their binding (data not shown), possibly due to the fact that SnoopCatcher-SnoopTag isopeptide bond formation involves a lysine on the Tag instead of the Catcher, which can react with aldehyde fixatives. Future mutagenesis of this residue could reinstate this interaction, which holds potential for an orthogonal system for dual-color labeling.
Experimental Section
Cell Culture and Transfection. Human HEK293T and human HeLa cells were grown in Dulbecco's modified Eagle medium (DMEM) with high glucose and L-Glutamine (Gibco), supplemented with fetal bovine serum (FBS; 10% (vol/vol)) and penicillin/streptomycin (100 µg/ml; UCSF Cell Culture Facility). Human RPE-1 cells were maintained in DMEM/F12
GlutaMAX-I, with sodium bicarbonate (2.438 g/L) and sodium pyruvate (Gibco), supplemented with FBS (10% (vol/vol)) and penicillin/streptomycin (100 µg/ml; UCSF Cell Culture Facility).
All cells were grown at 37 °C and 5% CO2 in a humidified incubator. 
SpyTag-keratin and

Knock-in cell line creation and sorting. All synthetic nucleic acid reagents were purchased from
Integrated DNA Technologies (IDT). sgRNAs and Cas9/sgRNA ribonucleoprotein (RNP) complexes were prepared as described previously [13] . In order to simplify the isolation of integrated cells, we introduced GFP11 (16 a.a.) [14] in tandem with SpyTag into cells stably expressing GFP1-10. Cells were then sorted with fluorescence-activated cell sorting (FACS) using the GFP signal. We note that in practical applications, GFP can be omitted and SpyTag-positive cell can be identified through the classic clonal selection method.
For the knock-in of SpyTag and GFP11, 200-nt homology-directed recombination (HDR) templates were ordered in single-stranded DNA (ssDNA) form as ultramer oligos (IDT) (Supplementary Table 1 ). Cas9 protein (pMJ915 construct, containing two nuclear localization sequences) was expressed in E.coli and purified by the University of California, Berkeley Macrolab following protocols described previously [15] . To increase HDR efficiency, HEK293T cells stably expressing GFP1-10 were treated with nocodazole (200 ng/mL; Sigma) for 15 hours before electroporation [13] .
Cas9/sgRNA RNP complexes were assembled with Cas9 protein (100 pmol) and sgRNA (130 pmol) just prior to electroporation and combined with HDR template in a final volume of 10 μL.
Electroporation was performed on an Amaxa 96-well shuttle Nuleofector device (Lonza) via SFcell line reagents (Lonza).
Nocodazole-treated HEK293T cells stably expressing GFP1-10 were resuspended to 10 4 cells/μL in To quantify the number of localization points per clathrin-coated structure using SpyTag or FLAGtag, individual clathrin clusters were identified in conventional fluorescence as fluorescent spots in the Insight3 software using the same algorithm for single-molecule identification. The number of localization points in the corresponding STORM image was then calculated. 72 structures were randomly chosen per condition (across 3 cells). These values were then graphed in violin plots, using code written in R.
